Introduction {#Sec1}
============

Many searches for supersymmetry (SUSY) \[[@CR1]--[@CR5]\] carried out at the CERN Large Hadron Collider (LHC) have focused on models with cross sections dominated by the production of strongly interacting new particles in final states with high levels of hadronic activity \[[@CR6]--[@CR17]\]. Null results from these searches constrain the squarks and gluinos to be heavier than several hundred GeV. In contrast, in this paper, we describe searches motivated by the direct electroweak production of charginos $\documentclass[12pt]{minimal}
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                \begin{document}$$\widetilde{\chi }^{0} $$\end{document}$, mixtures of the SUSY partners of the gauge and Higgs bosons, and of sleptons $\documentclass[12pt]{minimal}
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                \begin{document}$$\widetilde{\ell } $$\end{document}$, the SUSY partners of leptons. These production modes may dominate at the LHC if the strongly interacting SUSY particles are heavy. The corresponding final states do not necessarily contain much hadronic activity and thus may have eluded detection.

The smaller cross sections typical of direct electroweak SUSY production require dedicated searches targeting the wide variety of possible signal topologies. Depending on the mass spectrum, the charginos and neutralinos can have significant decay branching fractions to leptons or $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Z}$$\end{document}$, and Higgs bosons (H), yielding final states with at least one isolated lepton. Similarly, slepton pair production gives rise to final states with two leptons. In all these cases, and under the assumption of R-parity conservation \[[@CR5]\], two stable, lightest SUSY particles (LSP) are produced, which are presumed to escape without detection, leading to significant missing transverse energy $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm {T}}^{\text {miss}} $$\end{document}$. We thus search for SUSY in a variety of final states with one or more leptons and $\documentclass[12pt]{minimal}
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The searches are based on a sample of proton--proton (pp) collision data collected at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=8$$\end{document}$ TeV with the Compact Muon Solenoid (CMS) detector at the LHC in 2012, corresponding to an integrated luminosity of 19.5 $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {fb}^\text {-1}$$\end{document}$. The study is an update of Reference \[[@CR18]\], with improvements to the analysis techniques and the addition of new signal scenarios and search channels. Similar studies in the two-lepton, three-lepton, and four-lepton final states have been performed by the ATLAS Collaboration \[[@CR19]--[@CR21]\]. The new-physics scenarios we consider are shown in Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}. These figures are labeled using SUSY nomenclature, but the interpretation of our results can be extended to other new-physics models. In SUSY nomenclature, $\documentclass[12pt]{minimal}
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                \begin{document}$$\widetilde{\chi }^{0} _1$$\end{document}$ is the lightest neutralino, presumed to be the LSP, $\documentclass[12pt]{minimal}
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                \begin{document}$$\widetilde{\chi }^{\pm } _1$$\end{document}$ is the lightest chargino, and $\documentclass[12pt]{minimal}
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                \begin{document}$$\widetilde{\ell } $$\end{document}$ is a slepton. We also consider a model in which the gravitino ($\documentclass[12pt]{minimal}
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                \begin{document}$${\widetilde{\mathrm{G}}}$$\end{document}$) is the LSP.Fig. 1Chargino--neutralino pair production with decays mediated by sleptons and sneutrinos, leading to a three-lepton final state with missing transverse energy $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm {T}}^{\text {miss}}$$\end{document}$Fig. 2Chargino--neutralino production, with the chargino decaying to a $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Z}$$\end{document}$ boson and the LSP or (*center*) a Higgs boson and the LSP (*bottom*) a GMSB model with higgsino pair production, with $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }_j$$\end{document}$ indicating nearly mass-degenerate charginos and neutralinos, leading to the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Z}\mathrm{Z}+E_{\mathrm {T}}^{\text {miss}} $$\end{document}$ final stateFig. 3Chargino(*top*) , and slepton (*bottom*) pair production leading to opposite-sign lepton pairs with $\documentclass[12pt]{minimal}
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The results are interpreted considering each diagram in Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} individually. The masses of the new-physics particles are treated as independent parameters. SUSY models with a bino-like $\documentclass[12pt]{minimal}
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In the models shown in Figs. [1](#Fig1){ref-type="fig"} and [3](#Fig3){ref-type="fig"} (top), the slepton mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\widetilde{\chi }}$$\end{document}$, and the sleptons are produced in the decay chains of the charginos and neutralinos. The results in these scenarios also depend on the mass $\documentclass[12pt]{minimal}
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For the models in Fig. [2](#Fig2){ref-type="fig"}, we assume that sleptons are so massive that diagrams containing virtual or real sleptons in the chargino or neutralino decay process can be ignored. In Fig. [2](#Fig2){ref-type="fig"} (top and center), the chargino decays to a $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{H}$$\end{document}$ boson and the LSP, with branching fractions that depend on model details. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Z}\mathrm{H}+E_{\mathrm {T}}^{\text {miss}} $$\end{document}$ final states is also possible in the GMSB model, depending on the character of the NLSP. These latter two final states are not considered in the current study.

Figure [3](#Fig3){ref-type="fig"} (top) depicts chargino pair production. For this process, each chargino can decay via either of the two modes shown. Thus, there are four different decay pairs, but all yield a similar final state, with two opposite-sign leptons and $\documentclass[12pt]{minimal}
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                \begin{document}$$x_{\widetilde{\ell }} =0.5$$\end{document}$ only. Figure [3](#Fig3){ref-type="fig"}(bottom) illustrates slepton pair production, where each slepton decays to a lepton of the same flavor and to the LSP. We consider left- and right-handed slepton production separately, and assume a universal mass for both the selectron and smuon. The results of this analysis are not sensitive to the direct production of $\documentclass[12pt]{minimal}
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This paper is organized as follows. In Sect. [2](#Sec2){ref-type="sec"}, we describe the detector, data and simulated samples, and event reconstruction procedures. Section [3](#Sec3){ref-type="sec"} presents a search based on the three-lepton final states of Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"} (top). A search based on the four-lepton final state, which is sensitive to the diagram of Fig. [2](#Fig2){ref-type="fig"} (bottom), is presented in Sect. [4](#Sec9){ref-type="sec"}. Section [5](#Sec10){ref-type="sec"} describes a search in a channel with exactly two same-sign dileptons, which enhances sensitivity to the diagrams of Fig. [1](#Fig1){ref-type="fig"} in cases where one of the three leptons is not identified. In Sect. [6](#Sec11){ref-type="sec"} we present a search based on the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{W}\mathrm{H}+E_{\mathrm {T}}^{\text {miss}} $$\end{document}$ production in the single-lepton, same-sign dilepton, and three-or-more-lepton channels, probing the diagram of Fig. [2](#Fig2){ref-type="fig"} (center). In Sect. [8](#Sec20){ref-type="sec"}, we present a search based on an opposite-sign, non-resonant dilepton pair (electrons and muons), which is sensitive to the processes of Fig. [3](#Fig3){ref-type="fig"}. Section [9](#Sec21){ref-type="sec"} presents interpretations of these searches and Sect. [10](#Sec28){ref-type="sec"} a summary.

Detector, trigger, and physics object selection {#Sec2}
===============================================

The central feature of the CMS apparatus is a superconducting solenoid, of 6 $\documentclass[12pt]{minimal}
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The origin of the coordinate system is the nominal interaction point. The $\documentclass[12pt]{minimal}
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Events from pp interactions must satisfy the requirements of a two-level trigger system. The first level performs a fast selection of physics objects (jets, muons, electrons, and photons) above certain thresholds. The second level performs a full event reconstruction. The principal trigger used for the searches with two or more leptons is a dilepton trigger. It requires at least one electron or muon with transverse momentum $\documentclass[12pt]{minimal}
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Simulated event samples are used to study the characteristics of signal and standard model (SM) background processes, using the CTEQ6L1 \[[@CR27]\] parton distribution functions. The main backgrounds are from top-quark pair ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{W}+\text {jets}$$\end{document}$ processes, depending on the channel considered. Most of the simulated SM background samples are produced with the [MadGraph]{.smallcaps} 5.1.5.4 \[[@CR28]\] event generator, with parton showering and hadronization performed with the [pythia]{.smallcaps} 6.4.26 \[[@CR29]\] program. We use the most accurate calculations of the cross sections available, generally with next-to-leading-order (NLO) accuracy \[[@CR30]--[@CR32]\]. The detector response is modeled with the [Geant4]{.smallcaps}  \[[@CR33]\] library, followed by the same event reconstruction as used for data.

Signal samples are generated with the [MadGraph]{.smallcaps} 5.1.5.4 generator including up to two additional partons at the matrix element level. Parton showering, hadronization, and the decay of particles, including SUSY particles, are described with the [pythia]{.smallcaps} 6.4.26 \[[@CR29]\] program. Signal cross sections are calculated at NLO+NLL using the [Resummino]{.smallcaps} \[[@CR34]--[@CR36]\] calculation, where NLL refers to the next-to-leading-logarithmic precision. For the SUSY samples with a Higgs boson ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{H}$$\end{document}$ particle indicates the lightest neutral CP-even SUSY Higgs boson, which is expected to have SM-like properties if the other SUSY Higgs bosons are much heavier \[[@CR22]\]. To reduce computational requirements, the simulation of detector response for signal samples is based on the CMS fast simulation program \[[@CR38]\] in place of [Geant4]{.smallcaps}.

Events are reconstructed using the particle-flow (PF) algorithm \[[@CR39], [@CR40]\], which provides a self-consistent global assignment of momenta and energies to the physics objects. Details of the reconstruction and identification procedures for electrons, muons, and photons are given in References \[[@CR41]--[@CR43]\]. Lepton ($\documentclass[12pt]{minimal}
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The "hadrons-plus-strips" algorithm \[[@CR44]\], which combines PF photon and electron candidates to form neutral pions, and then the neutral pions with charged hadrons, is used to identify hadronically decaying $\documentclass[12pt]{minimal}
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Most signal topologies considered do not have jets from bottom quarks ("$\documentclass[12pt]{minimal}
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Search in the three-lepton final state {#Sec3}
======================================

Three-lepton channels have sensitivity to models with signatures like those shown in Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}. For the three-lepton search, we use reconstructed electrons, muons, and $\documentclass[12pt]{minimal}
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Background estimation {#Sec4}
---------------------

The main backgrounds in this search are due to $\documentclass[12pt]{minimal}
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The systematic uncertainty for backgrounds determined using data control samples is estimated from the difference between the predicted and genuine yields when the methods are applied to simulation.
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### Background due to non-prompt leptons {#Sec6}

Non-prompt lepton backgrounds arise from $\documentclass[12pt]{minimal}
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### Background due to internal conversions {#Sec7}
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Three-lepton search results {#Sec8}
---------------------------
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Search in the four-lepton final state {#Sec9}
=====================================
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Search in the same-sign two-lepton final state {#Sec10}
==============================================

Three-lepton final states are not sensitive to the chargino--neutralino pair production processes of Fig. [1](#Fig1){ref-type="fig"} if one of the leptons is unidentified, not isolated, or outside the acceptance of the analysis. For small mass differences between the SUSY particle states in Fig. [1](#Fig1){ref-type="fig"}, one of the leptons might be too soft to be included in the analysis. Some of these otherwise-rejected events can be recovered by requiring only two leptons. These leptons should have the same sign (SS) to suppress the overwhelming background from opposite-sign lepton pairs.

We therefore perform a search for events with an SS lepton pair, using the selection and methodology presented in Reference \[[@CR17]\]. We require events to contain exactly one SS $\documentclass[12pt]{minimal}
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The recent observation of a Higgs boson \[[@CR54]--[@CR56]\] offers the novel possibility to perform beyond-the-SM searches by exploiting the measured properties of this particle. In particular, the heavy neutralinos are expected to decay predominantly via a Higgs boson in large regions of SUSY parameter space, and in this section we report searches for such decays.

Three exclusive final states sensitive to the process of Fig. [2](#Fig2){ref-type="fig"} (center) are considered here. In all searches, the $\documentclass[12pt]{minimal}
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Search in the single-lepton final state {#Sec13}
---------------------------------------

### Overview of the search {#Sec14}

In this section we report the results from a search for $\documentclass[12pt]{minimal}
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Events are required to contain a single lepton, exactly two b jets, and $\documentclass[12pt]{minimal}
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### Backgrounds and their estimation methodology {#Sec16}
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The simulation is validated in three data control regions (CR) that are enriched in different background components. A data sample enriched in $\documentclass[12pt]{minimal}
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The agreement between the data and the simulation in the three data control regions is used to determine scale factors and uncertainties for the background predictions. In CR-2$\documentclass[12pt]{minimal}
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### Results {#Sec17}
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Search in the same-sign dilepton final state {#Sec18}
--------------------------------------------

The object selection and background estimation methodology for the SS dilepton search follow those presented in Sect. [5](#Sec10){ref-type="sec"}. We define the quantity $\documentclass[12pt]{minimal}
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Search in the multilepton final state {#Sec19}
-------------------------------------

For the multilepton search presented in Reference \[[@CR57]\], events with at least three leptons are selected, including up to one $\documentclass[12pt]{minimal}
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Searches in the final state with a non-resonant opposite-sign dilepton pair {#Sec20}
===========================================================================

Finally, we present a search for events with an oppositely charged $\documentclass[12pt]{minimal}
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For slepton pair production \[Fig. [3](#Fig3){ref-type="fig"} (bottom)\], in which only same-flavor lepton pairs are produced, we also consider a more focused approach in which events with opposite-flavor dilepton pairs provide a data control sample. We use the $\documentclass[12pt]{minimal}
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We perform a maximum likelihood fit of these templates to the measured same-flavor $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{\mathrm {CT}\perp }$$\end{document}$ distribution compared to the background prediction for the same-flavor channel of the non-resonant opposite-sign dilepton analysis, where the background prediction is derived from an alternative template method that uses opposite-flavor dilepton events as a control sample (see text). The signal distributions with two different slepton mass values for the SUSY scenario shown in Fig. [3](#Fig3){ref-type="fig"} (top) are also shown, with the LSP mass set to zero. The ratio of the data to the fitted distribution is shown in the *lower panel*

Interpretations of the searches {#Sec21}
===============================

We now present the interpretation of our results in the context of models for the direct electroweak pair production of charginos, neutralinos, and sleptons. We compute 95 % confidence level (CL) upper limits on the new-physics cross sections using the CL$\documentclass[12pt]{minimal}
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In setting limits, we account for the following sources of systematic uncertainty associated with the signal event acceptance and efficiency. The uncertainty of the integrated luminosity determination is 2.6 % \[[@CR67]\]. Samples of $\documentclass[12pt]{minimal}
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Limits on chargino--neutralino production with slepton-mediated decays {#Sec22}
----------------------------------------------------------------------

We first place limits on the production of chargino--neutralino pairs in models with light sleptons, depicted in Fig. [1](#Fig1){ref-type="fig"}, using the results of the three-lepton (Sect. [3](#Sec3){ref-type="sec"}) and same-sign dilepton (Sect. [5](#Sec10){ref-type="sec"}) searches. Three different scenarios are considered, with different assumptions about the nature of the sleptons, which affect the number of $\documentclass[12pt]{minimal}
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The corresponding results for the combination of the SS dilepton and three-lepton searches are shown in Fig. [13](#Fig13){ref-type="fig"} for two values of $\documentclass[12pt]{minimal}
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Limits on chargino--neutralino production without light sleptons {#Sec23}
----------------------------------------------------------------

We next place limits on chargino--neutralino production under the assumption that the sleptons are too heavy to participate, as depicted in Fig. [2](#Fig2){ref-type="fig"}. The chargino is assumed to always decay to a $\documentclass[12pt]{minimal}
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To evaluate upper limits on the process of Fig. [2](#Fig2){ref-type="fig"} (top), we use the results of the $\documentclass[12pt]{minimal}
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### Limits on chargino--neutralino production in the $\documentclass[12pt]{minimal}
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To evaluate upper limits for the process of Fig. [2](#Fig2){ref-type="fig"} (center), we combine the results of the single-lepton, SS dilepton, and multilepton searches described in Sect. [7](#Sec12){ref-type="sec"}. Figure [16](#Fig16){ref-type="fig"} (bottom) displays the observed limits for the combination of these analyses. The multilepton search provides the best sensitivity at low $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{W}\mathrm{H}+E_{\mathrm {T}}^{\text {miss}} $$\end{document}$ model (*bottom*). The *shading* indicates the 95 % CL upper limits on the cross section times branching fraction, and the contours the excluded regions assuming the NLO+NLL signal cross sections
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---------------------------------------------------------------------------------------

We also consider a gauge-mediated symmetry breaking (GMSB) $\documentclass[12pt]{minimal}
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Limits on chargino and slepton pair production {#Sec27}
----------------------------------------------

Figure [18](#Fig18){ref-type="fig"} shows limits on the chargino and slepton pair-production cross section times branching fraction for the processes of Fig. [3](#Fig3){ref-type="fig"}. The limits for chargino pair production are determined using both the opposite- and same-flavor dilepton search regions discussed in Sect. [8](#Sec20){ref-type="sec"}, while the limits for slepton pair production are set using only the same-flavor dilepton search region. The production cross sections for left-handed sleptons are larger than those for right-handed sleptons, enhancing the sensitivity.Fig. 18Interpretation of the results of the opposite-sign non-resonant dilepton search, in the models with (*top*) chargino pair production ($\documentclass[12pt]{minimal}
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Summary {#Sec28}
=======

This paper presents searches for the direct electroweak pair production of supersymmetric charginos, neutralinos, and sleptons in a wide variety of signatures with leptons, and $\documentclass[12pt]{minimal}
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The direct electroweak production of SUSY particles may result in several different signal topologies with one or more leptons and missing transverse energy ($\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm {T}}^{\text {miss}}$$\end{document}$). The relative sensitivity of each signature depends on unknown parameters, including the SUSY particle masses. This situation, along with the relatively small cross sections typical of electroweak SUSY production, motivates a strategy based on multiple dedicated search regions that target each possible signal topology. In each of these search regions, the data are found to be in agreement with the standard model background expectations. No significant evidence for a signal-like excess is observed.

The results are interpreted in the context of models dominated by direct electroweak SUSY production. Several of the interpretation results are summarized in Fig. [19](#Fig19){ref-type="fig"}. We consider models with a wino-like chargino and neutralino pair with degenerate mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {LSP}}$$\end{document}$. We also consider the presence of light sleptons, either produced in the decays of charginos or neutralinos, or produced directly in pairs. The limits on the signal production cross sections are most stringent in the region of parameter space with large $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta M$$\end{document}$, where the final-state objects are less energetic.Fig. 19Contours bounding the mass regions excluded at 95 % CL for chargino--neutralino production with decays to left-handed sleptons, right-handed sleptons, or direct decays to Higgs and vector bosons, and for chargino-pair production, based on NLO+NLL signal cross sections (*top*). Where applicable, the $\documentclass[12pt]{minimal}
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The electroweak SUSY process with the largest cross section is chargino--neutralino pair production. The resulting signal topologies depend on the properties of the sleptons. Models with light sleptons enhance the branching fraction to final states with three leptons. Depending on the left/right mixing and flavor of these sleptons, our results probe charginos and neutralinos with masses up to 320, 620, and 720 GeV, for the $\documentclass[12pt]{minimal}
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Models without light sleptons lead to $\documentclass[12pt]{minimal}
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Following chargino--neutralino pair production, the electroweak SUSY process with the largest cross section is chargino pair production, which leads to a final state consisting of an opposite-sign lepton pair and $\documentclass[12pt]{minimal}
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Appendix A: Additional plots for the three-lepton and four-lepton searches {#Sec29}
==========================================================================

This appendix presents additional results from the three-lepton and four-lepton searches. The distributions of $\documentclass[12pt]{minimal}
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Appendix B: Additional results for the multilepton analysis {#Sec30}
===========================================================

In this appendix, we present similar results as those presented in Table [7](#Tab7){ref-type="table"} for the multilepton analysis of Sect. [7.3](#Sec19){ref-type="sec"} but for different values of $\documentclass[12pt]{minimal}
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